depots were minced, digested in collagenase (1 mg collagenase/ml Hank's balanced salt solution; 3 ml/g tissue), filtered, and centrifuged at 300 g for 10 minutes (14) . the pellets were resuspended in a-minimal essential medium (a-MeM) containing 10% fetal bovine serum. Cells were plated for 20 hours, washed, trypsinized until 90% of the cells had lifted, and replated at a density of 4 × 10 4 cells/ cm 2 . this results in more than 90% pure preadipocyte populations (determined by counting colonies derived from single cells that accumulate more lipid than similarly treated skin or lung fibroblasts), irrespective of age or depot of origin (13, 18) . Macrophage markers did not differ substantially with aging or in a consistent direction among depots (see results section and table 3). Preadipocyte recoveries, determined by adding various numbers of preadipocytes to fat tissue aliquots before processing, are similar across depots and age groups (9) .
Expression Array processing and Data Analysis
total rNA was isolated from preadipocytes with trIzol (Invitrogen, Carlsbad, CA). Using a poly-dt primer incorporating a t7 promoter, double-stranded cdNA was synthesized from 10 mg total rNA using a Superscript cdNA synthesis kit (Invitrogen). Biotin-labeled crNA was generated from the double-stranded cdNA template through in vitro transcription with t7 polymerase using an rNA transcript labeling kit (enzo diagnostics, Farmingdale, NY). Biotinylated crNA was purified using rNeasy affinity columns (Qiagen, Valencia, CA) and fragmented in 40 mM tris-acetate, pH 8.1, 100 mM KOAc, 30 mM MgOAc for 35 minutes at 94°C to 35-200 bases. crNA (10 mg) and controls (Affymetrix, Santa Clara, CA) were hybridized to Affymetrix rat genome 230 2.0 geneChip arrays containing 15,923 probe sets and washed and stained according to the Antibody Amplification for eukaryotic targets protocol (Affymetrix). the arrays were scanned at 488 nm using an Affymetrix geneChip Scanner 3000 (Affymetrix). expression estimates were derived using the rate monotonic analysis processing and normalizing algorithm (21) . data were deposited into the gene expression Omnibus database (http://w ww.ncbi.nlm.nih.gov/geo/; accession number gSe6699).
Real-Time PCR Analysis
total rNA was prepared as earlier. First strand cdNA was prepared from total rNA using a SuperScript II reverse transcriptase kit (Invitrogen). real-time PCr was carried out using taqMan Fast Universal PCr Master Mix 2× in a 7500 Fast real time PCr System (Applied Biosystems, Foster City, CA). In brief, 10 ml of Fast PCr Master Mix were combined with 5 ml of cdNA, 1 ml of the appropriate taqMan primer, and 4 ml of water. Following an initial 95°C incubation for 20 seconds, PCr was carried out for 40 cycles at 95°C for 3 seconds and 60°C for 30 seconds. rNA was analyzed by relative quantification using 18S rrNA as an internal control.
Western Blot Analysis
Matrix metalloproteinase (MMP) 3 and 12 proteins were assayed by Western blot analysis (15) . Briefly, protein was extracted using radioimmunoprecipitation assay buffer, and concentrations were determined by Bio-rad Protein Assay (Bio-rad laboratories, Hercules, CA). thirty micrograms of protein in 5× loading buffer were heated at 95°C for 10 minutes, placed on ice, and then briefly centrifuged. Y79 (MMP3) and J774 (MMP12) cell lysates (10 mg; Santa Cruz Biotechnology, Santa Cruz, CA) were used as positive controls. Protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10%) and transferred to poly-vinylidene fluoride membranes (Amersham Biosciences, Piscataway, NJ). equal amounts of protein from undifferentiated preadipocytes from young or old rats were loaded in parallel on the same gels. Protein transfer was confirmed by Ponceau dye staining. Membranes were blocked with 5% milk fat with or without 0.5% bovine serum albumin, then incubated with primary antibody overnight at 4°C (goat anti-MMP3 Igg [1:200] or goat anti-MMP12 Igg [1:200] ). Antibodies were from Santa Cruz Biotechnology. Satisfactory antibodies for rat Stmn-2 were not available. Membranes were incubated with secondary antibody: donkey anti-goat horse radish peroxidase (1:2000) for 1 hour at room temperature. Secondary antibody binding was visualized by chemiluminescense. Scanning densitometry was performed using a Hewlett Packard 3970 scanner (Hewlett Packard, Palo Alto, CA) and Quantiscan software (Biosoft, Ferguson, Mt). densitometric results were expressed as a percentage of total optical density within each gel and normalized to reflect differences in cellular protein content (total protein contents were 305 ± 32, 325 ± 36, and 335 ± 39 pg/cell [± SEM] in undifferentiated perirenal preadipocytes from 3-, 17-, and 30-month old rats, respectively, and 336 ± 32, 346 ± 35, and 360 ± 39 pg/cell in epididymal cells, respectively [N = 16 in each group]).
Data Analysis
Only those probe sets that exhibited sequence-specific hybridization intensity in at least one of the samples were included in the analysis (10,983 of 15,923 probe sets). Fold change was calculated using the average normalized signal from the samples in each of the groups. the significance of observed expression differences was determined using twoway analysis of variance (ANOVA) in which age and depot were the main effects. the limma package within r was used in part for this analysis (22) . to correct probabilities of differential expression for multiple hypothesis testing, we used the false discovery rate (Fdr) method (23) that estimates the proportion of type I errors within a group of probe sets meeting a significance cutoff. to assess similarities and differences among gene expression profiles, we used hierarchical clustering (using r; http://www.cran.r-project.org). genes were annotated using NetAffx (Affymetrix) and resourcerer (the Institute for genomic research, rockville, Md). For analyses of real-time PCr and Western blot studies, t tests or ANOVA with appropriate post hoc comparisons were used (24, 25) . Unless otherwise noted, two-tailed hypothesis tests with p less than .05 were considered significant. Figure 1 . Preadipocyte expression profiles differ extensively among fat depots and less prominently with aging. A). regional variation in preadipocyte expression profiles. Nine hundred and twenty-one transcripts (of 10,983 probe sets detected) demonstrated both a twofold or greater difference in expression between undifferentiated perirenal compared with epididymal preadipocytes from 3-and 30-month-old rats and a depot-effect false discovery rate (Fdr) less than 0.01 by analysis of variance (ANOVA). data shown were z-score normalized and organized by hierarchical clustering, with each column representing a single animal. Full names, accession numbers, and hybridization intensities are in Supplementary table 1. B). Stathmin-like 2 (Stmn-2) and tetranectin (Tna) increase with aging in preadipocytes. Only 3 out of 10,983 probe sets demonstrated significant age-dependent differences in expression in comparisons of preadipocytes isolated from 3-month compared with 30-month-old rats, despite use of less stringent criteria than those used to detect differences among fat depots (Fdr < 0.08 by ANOVA and no fold-change criterion). 
Results

Preadipocytes From Different Fat Depots Have Distinct Expression Profiles
Consistent with the contention that preadipocytes from different fat depots are distinct cell subtypes, we found that expression of many genes differs considerably between epididymal and perirenal preadipocytes ( Figure 1A ). eight percent of probe sets detected in undifferentiated preadipocytes were significantly differentially expressed between depots (Fdr < 0.01 by ANOVA) and varied at least twofold. developmental genes were prominent among the gene categories that varied between depots (table 1), as we previously reported in human preadipocytes (17) and as has been found in mice (26) . Indeed, rat homologs of human developmental genes that vary inherently among human abdominal subcutaneous, mesenteric, and omental preadipocytes (17) also differed between rat epididymal and perirenal preadipocytes (table 2). Other genes that varied among depots were those involved in cell dynamic processes (replication, differentiation, apoptosis) and metabolism (table 1) . Fat tissue, particularly from visceral depots, can contain macrophages. the differences we found are not likely to be due to contamination of our primary cultures with macrophages as (a) differential plating was used to remove macrophages, (b) preadipocytes were plated at subconfluent density and replicated until confluence, which dilutes any macrophages as they do not divide, (c) fewer than two per 10 6 cells had the distinct morphology of macrophages by microscopic examination, and (d) macrophage markers were not consistently higher in cultures from either the perirenal or epididymal depot or from old compared with young animals (table 3) .
Fewer Genes Varied With Aging Than Among Fat Depots
Age-related changes in expression profiles of undifferentiated preadipocytes were modest compared with regional potential bias involved in selection based on known function. Undifferentiated perirenal and epididymal preadipocytes were cultured from middle-aged as well as additional young and old animals to distinguish changes during the maturational phase of the life span from those during the senescent phase and to increase statistical power. Changes in expression of the 25 genes across age groups were generally more extensive in perirenal than epididymal preadipocytes, consistent with the hypothesis that extent of age-related changes in progenitor properties varies among regions, as well as with our previous observation that age-related declines in replicative potential and adipogenesis are greater in perirenal than epididymal preadipocytes [Figure 2A (13)]. twelve of the 25 genes are involved in inflammation, tissue repair, or stress, and five are involved in regulating differentiation (table 4) . Interestingly, the nine genes (C1qr1, Tna, lipopolysaccharidebinding protein, Pcsk-2, Stmn-2, lysozyme, small inducible cytokine A2, that significantly increased in expression with aging tended to do so to a greater extent in perirenal than epididymal preadipocytes, whereas the four genes that decreased with aging tended to do so to a greater extent in epididymal cells (phospholipase C-like1, Csrp2, and Trh) . Of the nine genes exhibiting a significant change in expression with respect to the depot × Age interaction, three differed significantly with aging in epididymal cells and six differed significantly with aging in the perirenal cells (tukey's test). thus, changes in gene expression occur in undifferentiated preadipocytes with aging, some of these changes are fat depot dependent, and genes involved in cellular stress and regulation of differentiation are among those that change. Adiponectin decreased in epididymal preadipocytes with aging but changed less in perirenal cells, so although preadipocyte adiponectin was similar between depots in young animals, it was higher in perirenal than epididymal preadipocytes of old animals (p < .05; Student's t test). Four additional genes relevant to fat tissue function or with potentially distinctive patterns suggested by the gene array studies were also analyzed by real-time PCr ( Figure 2B ). IL-6 increased with aging in a fat depot-dependent manner. depot-dependent changes in Stmn-2, Mmp-3, and Mmp-12 with aging indicated in Figure 2A are plotted in Figure 3A -C, respectively. differences. despite using less stringent criteria than those used to detect variation among fat depots, only three probe sets representing two genes exhibited a statistically significant difference between young (3 months) and old (30 months) rats in the array analyses. these probe sets were selected from a two-way ANOVA that examined the effect of age and depot on gene expression. Age effect p values were adjusted by the Fdr method, and those with Fdr less than 0.08 were selected, with no constraints on the fold change between age groups ( Figure 1B ). these genes were stathmin-like 2 (Stmn-2) and tetranectin (Tna). Notably, substantial changes in developmental gene expression were not found with aging.
Age-Related Differences in Expression Profiles Are Fat Depot Dependent
From the array data, 30 probe sets were selected for further analysis by PCr based on fold changes across age groups only, without focusing on depot-related expression changes or known function. these probe sets, which encoded 25 known genes, were chosen through this approach to avoid figure 4 in (17)]. Of these, 11 have homologs on Affymetrix rat 230 array sets, 10 of which met the same scaling criteria for expression in rat preadipocytes as in our human studies. Of the 10 genes present, 9 exhibited differences in expression between perirenal and epididymal preadipocytes (false discovery rate < 0.05), despite species differences and differences in depots being compared in the human and rat studies. Notes: Consistent differences in macrophage markers were not evident among preadipocyte cultures from different age groups. mrNA levels were assayed in primary preadipocyte cultures from perirenal and epididymal depots of young (3 mo) and old (30 mo) rats. Scya4 was the only transcript that met the criterion for being considered detectable on Affymetrix U230 arrays. the other transcripts were assayed by real-time polymerase chain reaction (PCr; N = 6 determinations, each from different sets of rats; means ± SEM are shown; Min. cycles = minimum number of PCr cycles required for detection). ANOVA = analysis of variance.
Age-Related Changes in MMP3 and MMP12 Protein Are Depot Dependent
Mmp-3 and Mmp-12 protein levels increased in perirenal preadipocytes with aging, unlike epididymal cells (Figure 4) , as was the case with Mmp-3 and Mmp-12 mrNA (Figure 3) . Unlike Mmp-3 and Mmp-12 mrNA, protein levels in epididymal preadipocytes were not substantially lower than in perirenal cells, suggesting differences in translational or posttranslational processing of these proteins between depots.
Discussion
Preadipocytes, which give rise to new fat cells throughout life, are among the most abundant type of progenitor in the body. their numbers can exceed those of other cell types in fat tissue, including fat cells (9) . the fat tissue that develops from them is, in turn, at the nexus of processes involved in longevity and the genesis of age-related metabolic disease. Preadipocyte gene expression profiles are distinct from those of fat cells, as is their function (17) . For example, preadipocytes are a greater source of inflammatory cytokines than fat cells and produce chemokines that attract lymphocytes and macrophages (27) (28) (29) . they also process and release paracrine factors and hormones in a fashion distinct from fat cells. thus, given their numbers and distinct function, they are an important cell type to study in their own right (30) . Unlike many other progenitor types, fat cell progenitors are generally resident in fat tissue (17, 26) , with circulating progenitors making a minor contribution to new fat cell development under certain conditions (31, 32) . Preadipocytes from different fat depots vary in capacities for replication and differentiation. distinct characteristics of preadipocytes from different depots affect the fat tissue that develops from them, as we showed previously (18,33), Figure 2 . Changes in gene expression with aging tend to be fat depot dependent. A). genes most upregulated or downregulated between age groups were further tested by real-time polymerase chain reaction (PCr) in additional animals. rNA was isolated from perirenal and epididymal undifferentiated preadipocytes from young (3 months), middle-aged (17 months), and old (30 months) rats. data shown are z-score-normalized and organized by hierarchical clustering. each column represents data from a single animal (N = 7 animals in each age group). p values were computed by two-way fixed effects analysis of variance and adjusted using the false discovery rate method. gene descriptions are in table 4. B). Four additional genes relevant to fat tissue function or with distinctive profiles suggested from the array analyses were assayed by real-time PCr.
with different fat depots being effectively distinct miniorgans. thus, trajectories of age-related changes in preadipocyte function with aging could vary among fat depots, potentially contributing to the fat redistribution and metabolic dysfunction that are common in old age (1) .
to our surprise, we found that although changes in preadipocyte gene expression patterns do occur with aging, they are considerably less prominent than differences among depots. this finding is consistent with parabiosis experiments, which suggested that tissue microenvironmental changes with aging might have a bigger effect on progenitor function than inherent effects of aging on progenitors themselves (34) . transcriptional measures of 921 probe sets showed statistically significant differential expression across depots, with developmental genes being prominent among those that vary, consistent with studies in mice and humans (17, 26) . Although more than 8% of genes differed among depots in our array analyses using stringent criteria, only two genes varied with aging using less stringent criteria. Unlike differences among fat depots, aging did not involve substantial changes in developmental gene expression. Because (a) overall expression measures of preadipocytes from different depots were distinct in the array analyses with respect to 921 probe sets, (b) regional variation in extent of age-related changes in preadipocyte replication and capacity for adipogenesis have been reported (11) (12) (13) , and (c) trajectories of age-related changes in fat depot size, preadipocyte number, and fat cell size and number are depot dependent (6, 7, 9) , we tested the hypothesis that age-related changes in preadipocyte gene expression are depot dependent. We conducted further studies by real-time PCr of genes that appeared to have age-dependent expression changes in the microarray studies, but did not meet our criteria for identification as age-dependent genes in the microarray study. the PCr analyses were done in cells from additional animals and included cells from middle-aged in addition to young and old animals. With the increase in numbers of animals and ages and the greatly reduced multiple comparison correction, the PCr studies uncovered further genes that changed significantly with aging.
the genes whose expression changed with aging in the PCr analyses included cellular stress response-, injury-, and differentiation-related genes. these age-related changes in preadipocyte gene expression were evident, despite culturing cells from the same animals under identical conditions in parallel for a week. this suggests that these changes in gene expression are at least partly inherent, consistent with our previous finding that age-related declines in preadipocyte replicative potential and adipogenesis remain evident in colonies derived from single preadipocytes isolated from rats of different ages, even after a month in culture (13) . Furthermore, the larger changes in perirenal than epididymal preadipocyte gene expression with aging in the current study are consistent with the larger declines in adipogenesis and replicative potential with aging in the perirenal than epididymal clones. the increases in preadipocyte stress response-and injury-related genes and declines in differentiation-related gene expression changes with aging in our study are similar to age-related changes in these gene categories reported in whole fat tissue from old compared with younger mice (35, 36) . thus, the potentially inherent age-related changes in expression of these gene categories that occur in preadipocytes appear to carry through to the fat tissue that develops from them.
In the cases of genes that changed with aging, expression in middle-aged animals appeared to be intermediate between that of young and old animals, consistent with changes in fat cell progenitor function occurring steadily with chronological aging. expression of these genes did not correlate with changes in body weight and fat, which increase during maturation (between 3 and 17 months of age) and decline in old age. the progressive nature of the changes in gene expression is consistent with the contention chronological processes, such as progressive accumulation of senescent progenitors or cellular damage, make a major contribution to age-related changes in progenitor function. Indeed, the gene categories involved (increased inflammation decreased differentiation genes with aging) and individual genes (eg, IL-6, Mmp-3) are related to cellular senescence and stress responses.
Importantly, the age-related changes in gene expression were fat depot specific. For example, expression of Stmn-2, Lbp, and Mmp-3 increased markedly in perirenal preadipocytes with aging, but underwent little if any change in epididymal cells. genes upregulated with aging tended to change to a greater extent in perirenal preadipocytes, whereas those downregulated did so more in epididymal cells. these findings support the contentions that (a) cellautonomous properties of preadipocytes may contribute to age-and fat depot-dependent changes in adipose tissue growth and function and (b) progenitors from different regions of the same tissue can undergo age-related changes that are distinct.
there were greater increases in stress response, proinflammatory, and matrix-remodeling genes in perirenal than epididymal preadipocytes with aging, as indicated in our PCr studies. this could be related to regional variation in extent of preadipocyte turnover. larger increases in perirenal than epididymal fat cell numbers occur during maturation (18) . these are associated with greater capacity of perirenal than epididymal preadipocytes for replication and differentiation in young animals (11, 13, 18) . Over a lifetime, more extensive utilization of the perirenal than epididymal preadipocyte pools may lead to greater activation of stress, proinflammatory, and matrix-remodeling responses in older individuals. Alternatively, regional differences in the local microenvironment or abundance of other cell types, such as macrophages, could contribute. In support of this, the already high numbers of macrophages in rat epididymal depots of young animals do not increase further with aging, whereas the lower numbers of macrophages in the inguinal subcutaneous fat depots of young animals do increase (37) . As in subcutaneous fat, macrophage markers increase with aging in perirenal fat tissue fragments (38) . despite lack of exposure to macrophages for a week in our culture system, possibly macrophages in the vicinity of preadipocytes in vivo impart a persisting effect. thus, cell autonomous mechanisms and persistent microenvironmental influences could be responsible for depot-dependent age-related changes in preadipocyte function.
little is known about preadipocyte or fat cell expression of stathmin-like 2 (Stmn-2; also called Scg-11). Of all 10,983 transcripts detected in the array study, Stmn-2 increased most with aging. this pattern was also found in the real-time PCr analysis. Stmn-2 is a stress-responsive microtubule-destabilizing protein that regulates neurite outgrowth and differentiation of oligodendrocytes (39) (40) (41) . It is upregulated in response to neural injury, but this becomes attenuated with aging (42) . given its regionally specific role in regulation of nerve cell differentiation, a role of Stmn-2 in development of different fat depots is possible. tetranectin, a 68-kda cell surface protease that regulates mesenchymal development and cell migration, proliferation, and differentiation (43) (44) (45) , also varied with aging in both the array and PCr studies. It might also have a role in fat tissue development, particularly because preadipocytes arise from mesenchymal progenitors.
Both Mmp-3 and Mmp-12 mrNA and protein increased in perirenal preadipocytes with aging, but much less so (or not at all) in epididymal cells. Mmp-3 and Mmp-12 are involved in inflammation and tissue remodeling. Consistent with these increases in Mmp-3 with aging in perirenal preadipocytes, Mmp-3 increases in human skin fibroblasts and mouse subcutaneous fat cells with aging (46, 47) . Mmp-3 is lower in preadipocytes from obese than lean subjects (48) . to date, little information about regional differences in fat tissue Mmp-3 has been available. Fat tissue Mmp-12 expression and activity are increased in obesity and after high fat feeding (49, 50) , as well as in unstable atherosclerotic plaques and invasive cancers (51, 52) , conditions associated with inflammation and tissue remodeling, consistent with the upregulation of preadipocyte proinflammatory genes we found with aging [ Figure 2 (27) ].
genes involved in early developmental segmentation and patterning were prominent among those that varied among fat depots. these genes, which regulate such fundamental cell dynamic processes as replication, differentiation, and susceptibility to apoptosis, may affect progenitor pool utilization and set the stage for regional variation in trajectories of age-related changes in gene expression. differing nature and rates of age-related changes in progenitor gene expression profiles could themselves contribute to age-related changes in fat distribution and depot function. Altered fat distribution is a prominent feature of the aging phenotype in humans. Subcutaneous fat begins to decrease in the 70s, whereas intraabdominal fat decreases later (53, 54) , leading to an effective shift of fat from subcutaneous to intra-abdominal depots, with eventual deposition of fat ectopically in muscle, bone marrow, liver, and elsewhere. this is associated with increased prevalence of metabolic syndrome, particularly after age 70 (4). It will be interesting to test if the depot-related differences in trajectories of age-related changes in preadipocyte gene expression in rats occur in humans and predispose to fat redistribution and metabolic disease. 
Supplementary material
Array data and primary analyses have been deposited in the geO database (http://www.ncbi.nlm.nih.gov/geo/; accession number gSe6699). Supplementary table 1 gives names for genes shown in Figure 1 . Supplementary material can be found at: http://biomed.gerontologyjournals .org/
